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data were collected in an axisyimetric jet under controlled laboratory conditions.
This data were found to conserve momentum; a problem which plagued most previous
measurements. This resulted in near perfect agreement with the predictions of

7" Reynolds stress models of turbulent jets. Far and near field sound measurements for a
*4, range of Mach and Reynolds numbers provided clues to the mechanism which lead to

enhancing the broad band noise at high Reynolds numbers in presence of pure-tone
excitation while suppressing it at low Reynolds numbers. At low Reynolds numbers the
excitation leads to augmentation of the coherent large scale structures. At

* sufficiently high Reynolds number, noise due to the interaction of the wave-like
structure with incoherent fine-scale turbulence my be dominant. This may also
explain the difference in level of radiated noise from high and low Reynolds number*' jets. Controlling the jet with pure tone excitation, that enhances the helical mode
of its instability, resulted in a suppression of the radiated noise by approximately
SdB. In general we find that a great deal of appreciation of the jet flowfield canbe gained by viewing the jet as a nonparallel shear flow which is always susceptible
to instabilities. In all cases, the instability of turbulent layers and the role or

*- helicaiL modes and upstream influence appear to be key mechanisms in our findings.
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I. BCGROUND

The broad objectives of this three university effort have been:

1) To determine the relevance, inception and three
dimensionality of large scale structures in the
mixing region of an axisymmetric jet.

2) To determine whether or not these large scale structures
play an important role in the radiated noise.

3) To quantify the above conclusions so that the results
can be used for evaluation of jet noise theories and
for prediction of radiated noise.

4) To develop means ot controlling managing or suppressing
those large scale structures for the goal of reducing
the radiated noise

This investigation is being carried out in three parts. At the Illinois

Institute of Technology, a detailed study is underway to determine the importance of

Reynolds number and initial conditions on the dynamics of the near field of the jet,

which influerces the downstream evolution of large scale structures. At the

Uniersity of Minnesota, a detailed study of the radiated noise field in a similar

* facility is being carried out. At BUSY/Buffalo, a detailed study of the turbulent

* velocity field is being carried out utilizing LAmley's orthogonal decomposition

technique to obtain a deterministic and objective picture of the three dimensional

large scale structures. These experiments, with each university utilizing similar

facilities, will yield quantitative data to determine whether and how large scale

structures in jets contribute to the observed radiated noise.

The specific objectives of each university for the previous year along with the

status of the current research is presented in the following section.

-i- ~ -- - -



11-A ILLINOIS INTITUTE OF TECENOLOGY

Objectives

During the last year ve focused on several objectives:

1) Examine the initial instability characteristics of a natural "axisymetric"
free jet and determine if other than axisyzmetric instabilities and large-scale
structures play an important role in the development of the jet. If so, determine
how they affect the simple axisymsetric thinking about jet development. In addition,
assess the importance of the non-parallel flow or divergence of the jet in regard to
its instabilities.

2) Investigate the effect of initial conditions and Reynolds number on the
nature of the developing instabilities. The initial conditions can be altered by

"* changing the state of the exit boundary layer; increasing the Reynolds amber with a
constant core intensity or by fixing the Reynolds number and altering the disturbance
level at the exit by utiliing suitable upstream grids. A close relation between

*' initial conditions and jet evolution can then be derived.

3) Examine the evolution of the subbermonic mode. Utilizing near-field
pressure measurements and velocity messurements in the jet, conduct experiments to
prove or disprove the feedback mechanism as well as establish the degree of
importance of pairing in natural jets. Also, examine the upstream influence of
downstream evolving nodes, constantly keeping initial conditions in mind.

4) Dete=ine if a natural coupling exists between the initial instability of
the jet (afi 3 I')and the "final" Stroubal mode ((fi); and if so, is it affected by the
initial conditions? In addition, determine whether the coupling is natural and
simply enhanced by forcing or whether forcing imposes this condition on the flow.

Near the end of the potential core, the jet maintains its aximum characteristic

velocity with the most mass flux because of entrainment. The large scales at the end

of the near region of the jet may very yell be the most energetic of the noise

Senerating eddies. The characteristic frequency of these eddies appears to be the

dominant frequency in the far-field jet noise. If we are to understand the relation

between the jet flow and its noise field in depth, we need the above information well

documented and understood.

V,-
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-9, Results

Utilizing simultaneous near-field pressure and velocity measurements aLong with

u!'iple flow visualization techniques, experiments have been conducted with the

above objectives in mind. The results of these experiments are summarized in this

section.

When the exit boundary layer is laminar, the natural jet is initially

alternately unstable to axisymetric and helical modes. The ahisymetric mode scales

at a constant Strouhal number of 0.013 based on momentum thickness, while the helical

mode scales at a constant Strouhal number which is 201 higher than this value. This

4 5behavior is independent of Reynolds number (10 -10 ) and initial conditions when

properly scaled. The relative occurrence of these modes is highly dependent on the

initial disturbance characteristics at the jet exit. It is only at low Reynolds

number and for low initial disturbance levels that the azisymetric mode dominates

initially. As either of these variables increase, both nodes become equally

important.

This importance arises when examining the spreading rate of the jet. At low

* core disturbance levels of approxinately 0.05Z, the aisymetric node is dominant and

the spreading rate of the jet is largest. As the probability of observing an

axisymetric or belical mode approaches 0.5, the spreading rate is 101 less than for

the azisymetric dominated flow. This behavior could account for the large scatter

in spreading rates in the literature. It is not possible to determine its

universality however, because of the undocumented initial conditions in previous

experiments.

When the initial aisymetric mode grows in amplitude to about 11 of the jet

velocity, a secondary resonant interaction develops and leads to the pairing of

axisymmetric vortical structures. The downstrem position of this resonant

. interaction occurs after two wavelengths of the initial axisymetric mode. At this
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position the subharnonic wave has obtained the same phase speed as the fundamental

and the two waves are out of phase. This point is also associated with the initial

roll up of the jet and the first downstream position where strong entrainment into

the jet is observed.

Due to the alternating nature of the initial instability of the jet, the

-. axisyumetric and helical modes interact nonlinearly to develop numerous sum and

*difference modes. As these modes develop downstream, the subharmonic mode also

interacts nonlinearly with these modes. Just downstream of the peak amplitude of

these latter nonlinear interactions, strong three-dimensionality and transition to

turbulent flow are observed.

Due to the multiplicity of spectral peaks recorded both in the mean shear region

and in the potential core, the true identification of these modes cannot be

determined without azimuthal information. Lack of proper identification of these

modes, coupled with low level coherent incidental disturbances in a number of

facilities, has led to the previously reported nonideal behavior of steps in the

initial instability frequency as a function of Reynolds numbers. These steps are not

related to a feedback mechanism or pairing.

Each st these instability modes has a pressure field associated with it which is

coherent with the velocity fluctuations on the jet over the entire growth and decay

range of that mode. This pressure field acts linearly at the nozzle lip and sets

both the initial disturbance level and azimuthal distribution for each mode. The

initial amplitudes are highest for the nonlinear difference modes and the subharmonic

mode. In fact, the initial amplitudes of these modes are an order of magnitude

larger than that of the initial axisymetric mode. Previous experiments have had too

high a background disturbance level to be able to observe this.

Under extremely low disturbance levels, a natural coupling is observed between

the initial instability of the jet and the Strouhal mode associated with the final

q



stages of the potential core. This was observed when the two frequencies were

related by integral multiples of two. This coupling is not related to the pairing

process as previously believed. At this coupling position, subharmonic pressure

* radiation is ipcreased leading to a reinforcement of the axisymetry of the flow.

When the exit boundary layer is turbulent, a linear instability based on the

mean profile is observed near the nozzle where the frequency scales at a constant

Strouhal number of 0.024 based on the local momentum thickness. The development ot

the jet from the nozzle lip to the end of the potential core is found to be

adequately described by locally applying linear spatial theories to account for the

, slow divergence of the jet. The instability-generated large scales have been

observed to develop initially in both axisymietric and helical modes.

In summary, for these turbulent jets with laminar or turbulent initial

conditions, a great deal of appreciation of the flowfield can be gained by viewing

the jet as a nonparallel shear flow which is always susceptible to instabilities.

Viewing the jet as a shear layer first and then as a jet near the end of the

potential core, may have led to many misleading perceptions. In any case, the

instability of turbulent layers and the role of helical modes and upstream influence

appear to be key mechanisms in our findings.

Now that the development of the near region of the jet is understood, we have

focused our attention on obtaining quantitative information on the instantaneous

three dimensional nature of the large scales between 3 and 10 diameters downstream of

the jet exit. Two-dimensional reconstruction techniques have been modified to

account for the three-dimensionality of the flowfield in order to extract the low

wavenumber structures. Information from this experiment will clearly set the proper

importance of coherent large scale structures in this region of the jet.
U[



11-3 University of Minesota

Overview

The year was spent meeting several objectives:

1. Determine in a definitive manner the features of the acoustic field

surrounding low Reynolds number jets and determine if there are any signifi-

cant differences from the sound radiated from high Reynolds number jets.

2. Develop the experimental techniques necessary to identify sound

source distribution in jet flows and relate these observations to observations

of coherent structure using flow visualization.

3. Develop a theoretical framework for the observations.

The first objective has been completed and the results have been published (5).

A summary is presented below. Several experimental methods were developed during

the reporting period. An acoustic excitation technique allows selectively

forcing the jet into several different modes of acoustic radiation. In one

case the jet flow can be modified such that significant reductions in jet noise

are experienced. A flow visualization technique using a smoke wire phase -

locked to the acoustic excitation permits observation of coherent structure.

A polar correlation technique, using two microphones in the far field has been

developed for the measurement of sound source distribution in the flow.

Theoretical modelling of the near field pressure has enabled us to more

clearly understand the spectral characteristics of the near field pressure

signal.

Results

Acoustics of Low Reynolds Number Jets

An extensive survey of the spectral characteristics of the far-field

noise has revealed no effect of Reynolds number in the range 16 x 103 < Re <

3
250 x 10 . However, the noise level is found to be about 7dB lower than
high Reynolds number experiments (Re > 3 x 10 5) to be carried out at other

facilities (Fig. 1). Discussions concerning this apparent discrepancy have

led to the conclusion that although Reynolds number appears to be the decisive

parameter, other factors must be considered, particularly the initial conditions

at the jet exit.



Correlation of frequency dependent data is made without the Doppler

correction (1 + Uc cos ). Preliminary analysis of the data appears to indi-

cate that this correction would be inappropriate, implying that the sound

sources act as though they were stationary. Furthermore, the data appear tofd d d
correlate better with Helmholtz number fd d than with Strouhal number fd

a 0  U
One possible explanation is that the noise from small scale turbulence is

modulated by a large, wave-like structure-producing a sound field with a char-

acteristic wave length that is proportional to the wave length of the structure

which in turn scales with jet diameter.

Normalized near field pressure spectra decrease in amplitude with increasing

Mach number as opposed to far field noise which increases with Mach number

(Fig. 2). Pressure measurements by Armstrong et al within the jet mixing layer

do not show a similar attenuation with Mach number. This may indicate that
Vthere is not a significant effect of Mach number on the noise producing fine-

grained turbulence, but that there is a compressibility effect on the non-

propagating, irrotational pressure field surrounding the jet. This point is under-

scored by observing the development of pressure spectra as one moves from the

near field to the far field as shown in Fig. 3. It is found that at a distance

of two wave lengths (k * y - 2.0) the pressure fluctuations exhibit a spatial

decay of 6dB per doubling of distance, characteristic of acoustic disturbances.

This is consistant with a simplistic acoustic model consisting of a single

quadr Ae located in the center of the mixing region. It is easily shown that

the active (propogating) part of the pressure field dominates the reactive part

at distances in excess of 1.75 wave lengths.

The observed increase of normalized noise intensity with Mach number is

also predicted by an acoustic model with the assumption that source amplitude

is independent of Mach number. Further, comparison between near and far field

pressure spectra indicate that a substantial portion of the energy in the near

field pressure spectra is non-propagating. All this implies that the large scale

(essentially irrotational) structure may exhibit strong compressibility effects

which can explain the dependence of jet development on Mach number effects. This

further fits with the concept of a large scale, wave-like structure modulating the

* noise produced by a collection of essentially uncorrelated noise sources (the

fine grain turbulence).

'.
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Analysis of Near Field Pressure Spectrum

Theoret!.dl analysis of the observed features of the near field pressure

spectra has been initiated. The near field pressure speetrum can be described

in terms of four regimes:

1. Low wave number region S(k) - k

2. Energy containing scales - S(k) - k0 (flat)

3. Inertial subrange S(k) - k-6t6 k- 8

4. Far field - observation point is more than two wavelengths from

the source - S(k) - k 2

It is also observed that only the energy containing scales decay with the

expected 18dB per doubling of distance in the near field.

The latter observation is explained by the geometry of the measurement

scheme. The expected spatial decay is in terms of varying the distance to the

sound source. At low wave numbers (see Fig. 3), doubling y is not equivalent

to doubling this distance.

Of the former observations, the acoustic model is thus far able to predict

the very steep slope of the spectrum in the mid frequencies. Work is contin-

uing to identify pertinent features of the near field signal that can be

used as a diagnostic to determine in a quantitative fashion the role of coherent

structure in the acoustic radiation process.

Acoustic Excitation as a Method for Studying Coherent Structures

A now classic technique is to introduce small amplitude acoustic disturbances

of appropriate frequency. This tends to bring the large scale structure into

greater coherence. In effect, the wave-like motion is phase-locked to the

excitation signal.

Becker and Massaro (1969) used smoke visualization to determine that a

naturally developing jet at a Reynolds number less than 20,000 showed little

evidence of coherent structure. Acoustic excitation with a loudspeaker caused

the presence of readily observable axisymmetric vortices which were observed

to "pair" into larger structures. Beavers and Wilson (1970) observed similar

vortical motions at lower Reynolds number (3000) without excitation, but were

unable to see distinct vortex structures at higher Reynolds number.



In a landmark paper, Crow and Champagne (1971) found evidence that the

same type of orderly structure exists in a high Reynolds number jet as was

previously observed in low Reynolds number jets. Coherent structures were en-

hanced by acoustic excitation at forcing frequencies comparable to those at
fd

which the bulk of the turbulent energy is found ( . - 0.3). Acoustic excitation

results in a wave-like structure dominating the turbulent field over the first

five to six diameters of the flow at the expense of the fine grained turbulence.

Kibens (1980) suggests that the initial shear layer instability (sensitive

to much higher frequencies) can be coupled to the column mode instability

studied by Crow and Champagne through the mechanism of vortex pairing. He

demonstrated this by exciting the initial shear layer of a jet at the most

highly amplified frequency, f (in this particular case fed/U. - 3.54).

This excitation enhanced and stabilized large axisymetric eddies which were

observed to pair at discrete positions in the jet. The vortex pairing

sequence produced frequencies f e/2, f e/4, and f e/8 in the flow field.

Maximum coupling occurs when

f f
e =f or - =f n =an integer
8 c 2n c

where f is the column mode frequency. This is illustrated in Figure 4
c

.) which is based on the work at the University of Minnesota. The dotted line

is a plot of f € vs. velocity as measured in a 7.1 mm jet. Superimposed

on this plot are the calculated most unstable frequency in the laminar shear

layer for both an axisymmetric disturbance, fo. as well as a spiral dis-

-*. turbance, fl, (amplification rates at the given unstable frequency are about

V equal).* Excitation in this case is at a constant frequency of 40 KHz. The

velocity is varied such that either the helical mode or the axisymmetric mode

is cominant. Typical far field noise spectra are shown in Fig. 5. At

N - 0.21, the axisymmetric mode is dominant and the noise spectrum contains

V tones at f = f and its subharmonics as well as non-linear interaction tones,*q e o

fo/8 + (fl -
)  /4 + (f fo), etc. At slightly lower Mach number,

, - 0.20, the helical mode is dominant and jet noise is suppressed by approxi-

mately 8dB. Comparable results are observed by Zaman and Hussain (1981) in

the polential core. This result opens up new vistas in terms of Jet noise

research.

*These frequencies scale with momentum thickness which in a laminar shear layer

scale with U-h power. Hence fu 3/ 2 .
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Kibens work and the work at the University of Minnesota dealt with jets at

relatively low Reynolds number (Ud/V 1 5 x 104). Our work, as well as earlier
5

work of Yamamoto (1978), indicate that jet noise at low Reynolds number (<10

is relatively less intense than high Reynolds number jets and that there are
differences in the spectral characteristics as well. It may very well be that

at higher Reynolds number the coherent structure in a jet plays a more passive

role. Both Bechert and Pfizenmaier 11V751 and Moore (1977) found a significant
5

increase in the broad band level of jets at high Reynolds number (>10 ), when

forced at frequencies comparable to the column mode instability. In his review

of aeroacoustics, Crighton (1981) shows that excitation at Reynolds numbers in

excess of 105 results in increased broad band noise and conversely excitation at
5Reynolds numbers below 10 results in decreased broad band levels (albeit there

can be dominant pure tones in the signal). Another important point is that

noise spectra are independent of flow speed, i.e. Helmholtz number, fd/ao, is

a better frequency scaling parameter. This is also true for unforced jets at

low Reynolds number (Long, et al 1981).

SUMMARY

An overview of the literature indicates that coherent structures in

turbulent jets have been observed in naturally developing jets especially at

low Reynolds number. Detailed study requires either acoustic excitation to

bring the coherent portion of the turbulent motion into greater prominence or

. the use of conditional sampling techniques. Flow visualization is an important

experimental technique. As a first step in mathematical modelling, we have

examined in detail the theoretical models that have already been constructed to

determine the relevance of these structures to the jet noise problem. These

models fall into four main categories: 1. discrete vortices, 2. instability

waves, 3. vortex pairing, 4. large scale - small scale interaction. The

instability wave model has received the most attention. The mathematical

development from "first principles' is straight forward but the details are

rather complicated. The latter two models are more complex theoretically. The

vortex pairing model is really a subset of the interaction model since vortex

pairing can be considered as the interaction of two large structures. When

the pairing process is isolated, there is evidence - both theoretical and



experimental -- that pair ing produces a sufficiently violent turbulent field to

. account for the observed noise. When this model is extended to vortex

interactions fram all different sizes, one obtains the broad band noise spectrum

observed. It is also possible that the large structures merely modulate the

noise produced by more conventional turbulent sources but play no active role

in the production itself. This idea is feasible but has not received sufficient

mathematical treatment as yet. In fact, .4hen one looks at the evidence to date;

that at low Reynolds number, the noise field is somewhat less energetic and

that the spectrum at all angles scales best with Helmholtz number, that forced

jets produce a radiation pattern that scales with Helmholtz number, and that

broad band noise is suppressed by acoustic excitation at low Reynolds number

and enhanced at high Reynolds number; a pattern begins to emerge. It may be

that at sufficiently low Reynolds number direct acoustic radiation from vortex

pairing events can be a dominant noise source whibh is enhanced by bringing the

coherent structure into greater dominance by acoustic excitation. At sufficiently

high Reynolds number, noise due to the interaction of the wave-like structure

with incoherent fine-scale turbulence may be dominant. Acoustic excitation

enhances the wave-like structure, but at the same time the interaction noise

is enhanced resulting in a higher broad band level.

A summary of the significant observations on the nature of coherent

structure and the supporting theoretical developments is presented in Table I.

Space limitations do not permit discussing this in detail. The important

point is that there is not one unified theory that can explain all of the

experimentally observed characteristics of coherent structures. This implies

that future mathematical models will require an even greater degree of sophis-

*g tication.

Our future plans are to continue the work begun with acoustically excited

jets. Flow visualization will be used to determine the differences in flow

development during different stages of excitation. These results will be
_correlated-with measurements of sound source distribution. it is intended

that these results will aid in constructing a useful mathematical model of the

acoustic radiation process.

w,
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This year has son substantial progress toward the goal of applying the

orthogonal decomposition to measurements in the turbulent jet mixing layer. Also,

*the process of developing and maintaining the measuring system has contributed

.. significantly to the state-of-the-art of flow measuring techniques and to the

understanding of turbulence.

This progrem received a major infusion of new equipment in 1979-80 (in part paid

for by £1061). While this equipment was essential to the conduct of the experiment,

*- it proved to be impossible to rapidly configure it into an operational laboratory, in

Vpart because of bugs in it and in part because of our lack of experience with it.

The addition of Dr. Tan-atichat in September 1951, the increased technical

*" competence of the principal investigator (thanks to a recent sabbatical leave), the

continued emergence of S. Capp and R. Suhoke, and the addition of several key

graduate students have made it possible to complete the assimilation of this new

hardward into the laboratory. At this point all subsystems for the jet experiment

,- are operational and can function together under the control of a central processor

-' (PD? 11/34) as required.

Because of the move to a new building in January, a new jet facility has been

4 constructed and experimental work has been initiated in it. A theoretical effort has

also been initiated to develop the analytical computational techniques required to

aCtuaLly deduce the large eddies from the experimental data. We are optimistic that

the first concrete results frou the coherent structure program will be achieved
I within the next few months.

Significant breakthroughs in the hardware design of the laser Doppler system

have been achieved during the last year. Specifically. the burst time and fringe

. count registers in the LDA counters have been increased from 8 to 10 bits, thereby

-*i removing a major source of error in measurement. (These changes have been

. .



incorporated by the manufacturer also.) Also several new computational algorithms

have been developed which made possible on-line diagnoses of the LDA signal quality,

thereby significantly improving the system reliability.

A major problem in existing jet data has been resolved. For many years it has

been believed that coherent structures were responsible for the inability of

turbulence models to predict the two-dimensional and axiymetric jet developments.

It has been shown during the course of this work that the problem was not due to

coherent structures but to incorrect data. These data have been shown not to

conserve momentum, both because of measurement errors and because of ackflow in the

experimental facilities. Correct data obtained with the techniques developed in this

experiment have been shown to conserve momentum. Moveover these data are in near

perfect agreement with the predictions of the Luley-Taulbee Reynolds stress model of

the turbulence which also accurately predicts the two-dimensional jet.
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R81-2; Technical Report, AFOSR-TR-81.

2. Drubka, R. E. and Nagib H. M., "Turbulent Jets with Controlled Initial

Conditions", To appear in I.U.T.A.M. proceedings of Symposium on Structure on Complex
Turbulent Shear Flow, Marseille, Sept. 1982.
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